We have previously introduced a femtosecond laser micromachining-based scheme for the fabrication of anisotropic waveguides in lithium niobate for use in a guided-wave acousto-optic spatial light modulator. This spatial light modulation scheme is extensible to off-plane waveguide holography via the integration of a Bragg reflection grating. In this paper, we present femtosecond laser-based direct-write approaches for the fabrication of (1) waveguide in-coupling gratings and (2) volume Bragg reflection gratings via permanent refractive index changes within the lithium niobate substrate. In combination with metal surface-acoustic-wave transducers, these direct-write approaches allow for complete fabrication of a functional spatial light modulator via femtosecond laser direct writing.
INTRODUCTION
A holographic video display based on space-multiplexed, guided-wave acousto-optic spatial light modulation capable of transparent or opaque viewing operation is realizable. 1 There are three base elements that comprise the piezoelectric Large spectral bandwidth for short pulses 42 X 22 /(cAt) 42 21 nm for 100 fs pulses with 20= 800 nm
Wavelength
Large bandwidth limits the choice of the laser active medium (broad -band materials only, e.g., Ti:Sapphire, laser dyes) and laser cavity design (no bandwidth limiting elements, such as narrowband mirrors)
lithium niobate acousto-optic modulator: 1) the anisotropic waveguide, 2) the surface acoustic wave (SAW) transducer, and 3) the input / output coupler (see Figure 1 ). Waveguide fabrication for these and similar SAW devices currently relies on proton exchange of a lithium niobate substrate within the modulator process, which involves the immersion of the substrate in an acid melt. 1, 2 While simple and effective, waveguide depth and index profiles resulting from proton exchange are often non-uniform over the device length or inconsistent between waveguides fabricated at different times using the same melt and annealing parameters. In contrast to proton exchange, direct writing of waveguides has the appeal of simplifying fabrication (as these methods are inherently maskless) and the potential of fine and consistent control over waveguide depth and index profiles. 3, 4 We explore femtosecond laser micromachining as an alternative to proton exchange in the fabrication of waveguides for anisotropic leaky-mode modulators. Femtosecond laser micromachining offers a platform where all three base elements of the acousto-optic modulator can be embedded into the lithium niobate. 4 In this paper we focus on the creation of holographic volume gratings as in-coupling / out-coupling elements. In addition, we create anisotropic waveguides by altering the refractive index within the lithium niobate to create a core / cladding structure that is traditionally observed in optical waveguides. 5, 6 2. FEMTOSECOND LASER MICROMACHINING Recent advancements in femtosecond lasers, tunable in the ultra-violet, visible and near-infrared spectral regions, offer tremendous possibilities in machining and altering the properties of materials with feature sizes in the µm regime. Femtosecond laser pulses are usually Fourier transform-limited pulses-they are formed due to simultaneously oscillating modes from a broad frequency bandwidth. The most common technique to achieve femtosecond pulsed lasing is Kerr lens modelocking. A typical setup includes a pump laser and an optical medium which facilitates the Kerr effect (i.e., nonlinear refractive index), depending on the intensity of the light.
A pulse that builds up in a laser cavity containing a gain medium and a Kerr medium experiences not only self-phase modulation but also self-focusing, which entails nonlinear lensing of the laser beam due to the nonlinear susceptibility of the Kerr medium. A spatiotemporal laser pulse propagating through the Kerr medium has a time dependent mode size as higher intensities acquire stronger focusing. If a hard aperture is placed at the right position in the cavity, it strips off of the ends of the pulse, leading to a shortening of the pulse. Femtosecond pulses with energy of several nJ result in mW peak intensities due to their short duration. Such intensities, when tightly focused can produce electric fields which enable photo-ionization, plasma generation, and atomic bond breaking in the targeted material as generated fields surpass the energy gap of the valence electrons.
There are five primary parameters that affect the resolution and thus the accuracy of our point ionization. 7 These parameters are: 1) The spot size due to the NA of the objective lens, 2) the light intensity, 3) the exposure time / repetition rate, 4) the wavelength of the femtosecond pulses, and 5) material selection. Here we present a system that controls all five of these primary parameters.
METHODOLOGY: INSTRUMENTATION FOR WAVEGUIDES AND VOLUME BRAGG GRATINGS
There are two primary instruments and an objective that enable us to control the first four of the five parameters, which inherently control the point ionization. We apply a Pharos DPSS Femtosecond Laser as our light source and the Aerotech nano positioning stage as our activation location control. The Pharos femtosecond laser offers built in controls for light intensity, repetition rate, and the operating wavelength. The Aerotech stage controls the positioning and the exposure time of the position when coupled to the repetition rate.
The 25W Pharos is selected as this power can be distributed across a wide range of materials and serves for a broad range of experimental purposes. In addition, there is a built-in Pockels cell and amplifier to control the intensity output and repetition rate. The power can therefore be reduced to exposures of nanojoules (nJ) per pulse. The experimental system also applies a polarizer and half waveplate to further control the light polarization and intensity of the outputted light. The Pockels cell is built in the Pharos to control the repetition rate of the laser pulse. The system varies the repetition rate from the MHz range to low kHz rates using the pulse picker. The repetition rate is controlled in discrete integer values, where single shot exposure is achievable. The pulse duration of the Pharos is below 290 nm under all conditions, offering a controlled output.
A further control of the spot size is offered by the wavelength selection. The fundamental wavelength operates at 1030 nm, but a harmonic generator can be applied to lower to fixed wavelength. We applied the second harmonic, which operates at 515 nm in order to visualize our optical beam. In the future we will apply the higher harmonics (which the Pharos offers to the fifth harmonic) in order to decrease the spot size.
The second primary component is a custom-made Aerotech nano-positioning stage. There is a combination of three nanopositioning stages that are oriented in x, y, z directions. The stage is placed on a granite base and a floating optical bench in order to eliminate vibrations from both the room and the stage positioners. The high performance air bearing stages offer 1 nm resolution, 75 nm repeatability and 250 nm accuracy. This is significant in that it allows for spot size features to have the size of 250 nm without eliminating the possibility of continuity. Features as small as 250 nm can be produced with optimized objectives and optics. These single spots are combined when the stage is moved to produce lines for waveguides or volume gratings. The movement of the stages operate at a speed of 100 mm / sec. The speed of the stage is significant as stage speed is a mechanism to control the exposure time per area. This speed, the repetition rate of the Pharos laser, and the selected intensity of the exposure time are the key variables for this setup.
The combination of the femtosecond laser with the nanopositioning stages offers the control necessary to experiment with the majority of the parameters that alter the outcome of the micromachining process. The final two parameters are the material and the proper objective. Lithium niobate is selected as the acousto-optic modulator target due to its piezoelectric properties.
The final selection parameter is the objective, where the light entering the objective is collimated from infinity. The only restriction defined by the proposed setup is that the objective spot size is larger than the 250 nm defined by the accuracy of the stage positioning. The aim is to apply the objective with the highest NA (and thus the smallest spot size) for the volume Bragg gratings without reaching below this positioning limitation. We applied the 3.5 mm working distance 0.8 NA 100X Nikon Planar field corrected objective, which both the waveguide and the volume Bragg gratings use as it offered a lower limit on the size of waveguides and feature sizes.
METHODOLOGY: FABRICATION AND EXPERIMENTATION FOR WAVEGUIDES AND VOLUME BRAGG GRATINGS
Fabrication of the waveguides and gratings requires the same functional setup. The orientation of the writing process is vertical. In order to achieve this orientation, the propagating beam must enter above the objective. The Pharos laser outputs a beam, which is expanded by 2.5x to fill the back aperture of the objective. The light enters a periscope that is parallel to the optical bench, but is raised by a meter. The collimated light reaches the objective region as is observed in Figure 3 . With the light expanded, the aperture stop is adjusted to match the aperture size of the objective. This reduces the scatter at the objective. The light then propagates to a beamsplitter, which is designed at a transmission of 92% of the light with 8% reflection. The majority of the light propagates through to the objective. It is necessary to measure the pulse energy at the sample as it is reduced relative to the source. The objective then focuses the light onto the sample. A camera is used to image the location on the sample. The z location on the stages is adjusted until a clear image is observed on the camera. When the sample is clear on the camera, we are focused at the write location on the objective. The position and exposure time of the laser is then controlled by the x,y,z nano positioning stages.
Waveguides
The waveguides produced within the lithium niobate are achieved by controlling parameters of the femtosecond laser, the positioning stages, and an additional half wave / polarizer. Table 1 illustrates the parameter variation that enabled the writing of the waveguides. Fourteen separate waveguide rows are written. Each pattern row contains five sets of five waveguides, with a total of 350 waveguides produced.
There are three parameters that are altered in order to produce variation in the waveguide quality. The majority of the laser settings are fixed. The target change in power varied from 100 nJ to 400 nJ, in increments of 50 nJ. The power is achieved by keeping the polarizer fixed in the writing path, the femtosecond laser fixed at an output of 10%, and the half wave plate rotated in order to control the output power. At each fixed power there are 10 sets of waveguides written, with every two rows offered the same output power. The change in each set per row is due to the rate at which the micromachining stage shifts. The stage speed can be decreased from 2000 µm / sec to 10,000 µm / sec in 2000 µm steps. Therefore, each row offers five separate writing speeds for each intensity.
The first, third, and fifth waveguide within each set are written with the stage shifting from the top down. The second and fourth waveguides are written from the bottom up. These experiments are used to determine if the stage travel orientation alters the waveguide exposure. Table 1 . The parameters altered for the 350 waveguides. The primary parameter changes are the pulse energy at the sample, the speed of the nanostage, and the shot trigger to output the pulse.
Two rows are written with each intensity as the triggering is set between a half and a single shot. There is a scripting interface written in G code that enables the writer to control the trigger for the laser and the stage speeds. The script allows for the application of a single shot for each location. Alternatively, the laser can be programmed to release a shot for every other move. Altering this parameter offers a control for reducing the exposure time without reducing the speed of the stage. Theoretically, this would enable smoother writing between adjacent points.
Volume Bragg Gratings
The volume gratings are written with the same optical setup as the waveguides using alternative beam parameters. The trigger speed, stage speed, and intensity are fixed to reduce variability of each point. For initial experiments, the testing of the volume gratings is performed on a borosilicate glass slide rather than lithium niobate in order to avoid nonlinear or anisotropic refractive index effects.
8-10 Table 2 and Figure 4 illustrate the experimental parameters used to determine the impact of layer design within the volume grating. There is a total of 25 grating patches in which clusters are written with specific z-spacing. The gratings are written with x, y resolution of 2 µm and a pulse energy of 150 nJ. In addition, each grouping began with a single grating layer and each test grating area systematically included an additional layer.
The first patch grouping 1-4 (shown in Figure 4 ) is a series of gratings containing between a single layer to four layers. The number of layers increases per patch within a grouping. Therefore, the second patch has two grating layers separated by eight µm. The third patch has three grating layers separated by eight microns each. Similarly, patch 11 is a single grating layer while patch 12 is two grating layers with a 15 µm separation. Patch 17, the final patch within that grouping, has a total of seven written grating layers with 15 µm separation. Sample  (nJ)   1  2  2  8  1  150  13  2  2  15  3  150  2  2  2  8  2  150  14  2  2  15  4  150  3  2  2  8  3  150  15  2  2  15  5  150  4  2  2  8  4  150  16  2  2  15  6  150  5  2  2  10  1  150  17  2  2  15  7  150  6  2  2  10  2  150  18  2  2  20  1  150  7  2  2  10  3  150  19  2  2  20  2  150  8  2  2  10  4  150  20  2  2  20  3  150  9  2  2  10  5  150  21  2  2  20  4  150  10  2  2  10  6  150  22  2  2  20  5  150  11  2  2  15  1  150  23  2  2  20  6  150  12  2  2  15  2  150  24  2  2  20  7  150  25  2  2  20  8 150 Table 2 . The parameters that are altered for the 25 patches are the grating layers and the grating spacing. 
RESULTS: WAVEGUIDE PARAMETERS
The variation of three parameters for the waveguides outputted a total of 350 waveguides. Figure 5 is an image of eight out of the fourteen waveguide layers. In addition to the waveguides, we wrote sets of points to observe the quality of each outputted spot. As is observed from Figure 5 , the bottom right image illustrates waveguides that are written below a threshold that would enable solid waveguide outputs. At the lower pulse energy, slower write speeds are observed to bring the waveguide pattern above threshold. Also, as the speed of the stage is decreased, the exposure time is increased and thus the intensity per area is increased. It is also observed that as we slow the stage speed down, the waveguide positions are controlled. Positioning is shifted by the direction of the writing as is observed in the top left corner of Figure 5 .
There are six primary conditions that describe the 350 waveguides as is observed in Figure 6 . When the intensity of the exposed area is too low the waveguides do not fully develop within the lithium niobate as is observed in Figure 6a . Increased intensity is required for densification to occur. It is observed that the writing speed and intensity are decreased per pattern row. Alternatively, the trigger speed is decreased as is seen in the difference between row 1 and row 2, allowing for increase of exposure per area.
These parameters resulted in the patterns seen in Figure 6b , where certain waveguides reached threshold while others did not. Figure 6b illustrates that waveguides 2 and 4 reached densification while waveguides 1, 3, and 5 did not. Waveguides are written along the z axis of the crystal. However, waveguides 2 and 4 are written at a direction of 180
• relative to the write of waveguides 1, 3, and 5. This suggests that even along the same crystalline axis there is a change in power exposure relative to the direction of the write.
Once all waveguides reach threshold it appears that this directional limitation disappears. The waveguides shown in Figure 6c . are continuous and stable. Under this third condition, the width between the waveguides is the most stable and exhibits the smallest standard deviation in width size. As the intensity of the input beam increases, the size of the waveguide increases (as is observed in Figures 6d and 6e) . Figure 6d shows stable waveguides with slower writing speeds vs. Figure 6e which shows waveguides with faster writing speed. Positioning error increases, which can be corrected with a positioning algorithm.
The final condition that characterizes a set of waveguides is when the material is overexposed. This occurs when the input beam power is too high, the stage speed is too low, or the trigger is a full shot rather than half a shot. As is observed in á Figure 6 : The six primary conditions observed from the 350 waveguides outputted. (a) is waveguides below threshold, (b) a couple of waveguides above threshold, (c) waveguides slightly above threshold, (d) waveguides above threshold with slower writing rates, (e) waveguides above threshold with fast writing rates, and (f) over exposed waveguides. Figure 6f , the waveguide does not appear continuous. Bulging occurs towards the middle with a darker color relative to the shine sides. These waveguides are no longer continuous and thus are defined as our upper limit in the range of writeable waveguides.
Beyond the six conditions, the waveguides were measured with two approaches. The width of the waveguides is measured with the stage steps. The stage offers incremental repeatability of 50 nm and accuracy of 250 nm. We stepped across each waveguide by a sum of 0.25 µm, or the stage accuracy, and measured the width of each individual waveguide twice. In addition, since the sets are groups of five waveguides, we further averaged those waveguides out to develop an average width for a given row and a given set. Figure 7 : When imaging through focus of the waveguides, one is able to observe four distinct aspects of the waveguide. The separation of the two clear contrast images enables one to measure variation in depth of the image.
The depth of the waveguides is measured in addition to the width of the waveguides. The depth is the imaged depth rather than the actual physical depth as the refractive index of the material is not unity. We are, however, able to determine the variation in depth as is observed within the waveguide by shifting axially through focus along the z-axis. Figure 7 illustrates this through focus of a single waveguide set. The first series of shells is observed when the waveguide is located below the focus of the imaging device. There are two clear image locations that are observed in Figure 7b. There is a significant difference between the width of the waveguides produced under the six conditions. When the waveguides are under threshold, the measured width is near the 1 µm range as is observed in the results in Table 3 . Once threshold is reached, the width shifts to 2 µm. The various settings after threshold alters the width of the waveguides to between 2.25 to 3.9 µm in width. The standard deviation for the width is narrower for the waveguides that are closer to the lower energy threshold. As intensity increases, the waveguides begin to increase in standard deviation. In addition, the waveguides begin to diminish in width once the waveguides are completely over-exposed as is observed in rows 13 and 14.
The waveguides demonstrate a linear change in width as the writing speed per lane is adjusted. The width increases as the stage speed is reduced for rows 1-8. There is an inversion at row 9 which suggests that the increase in intensity accelerates the point exposure, and the width begins to decrease. This pattern in width reduction continues as we progress through rows 9-14. The majority of the settings for rows 1, 2, 13, and 14 are in conditions where the waveguides do not perform uniformly. The one exception is row 2 set 5, where the waveguides are not only uniform, but exhibit zero standard deviation. This data suggests that waveguides are achievable in lithium niobate with pulse energies of 150 nJ-350 nJ when the stage operates at speeds of 2,000 µm / sec to 10,000 µm/ sec. In addition, within these laser intensities and stage operating speeds, the trigger synced with the software can operate at single or half a shot.
The distinction between the clear image and full bright contrast image also offers depth information for the rows and sets. The depth demonstrates the same trend as width, as we decrease the stage rate we observe that for rows 1-14, the depth decreases. Again these are not absolute depths, but relative depths through the imaging medium. There is a subtle change between rows 1-8 and rows 9-14. In rows 1-8, the single shot begins at a higher separation value than the double shot. For example, row 1 set 1 begins at 17.73 µm vs. row 2 set 1 that begins at 12.51 µm. This trend continues for the first eight rows but inverses for sets 8-14. This depth variation coupled with the change in width trends illustrates a functional change within the lithium niobate during direct writing.
The waveguide is written to rotate the waveguides by 15
• for a full rotation of 180
• to observe the effects on relative depth imaging.
There are additional changes observed relative to depth variation and writing orientation. The orientation of the writing process is found to alter the threshold as is observed in row 2 measurements. In addition, the writing is not limited purely along a single axis. The lithium niobate is x-cut and thus writing orientation is on the y and z axis. Figure 8 shows our set of waveguides rotated by 15
• . The measurement of the depth thickness showed that as the stage is rotated about the writing direction, the waveguide depth measurement changed. The waveguide depth decreased from 0
• to 90
• , but then increased from 90
• to 180
• . There is symmetry relative to the 90
• with a similar plateau and shape as seen in Figure 9 . The change in relative thicknesses for all of the waveguides is produced by either one of two possibilities: 1) The physical thickness of the waveguide is increasing relative to exposure or 2) the refractive index is being controlled relative to the parameter sweep. A further investigation is required to determine the which effects contribute most directly to the observed results. . RESULTS: VOLUME BRAGG GRATINGS As described above, the target for the volume gratings experiments is to determine the axial spacing between grating layers in order to achieve distinguished grating layers. As the femtosecond laser writing is orthogonal to the surface, the energy is entering along the z axis. The axial resolution is dependent on the axial absorption, which is defined by the photo-ionization energy threshold to produce densification. Transversely, there is tight confinement within the spot, allowing for control. Longitudinally, however, the confinement is dependent on the objective: numerical aperture, the avalanching threshold, the repetition rate and intensity of the source, the stage positioning, and other parameters that effect exposure time. Two parameters are adjusted to determine the volume gratings axial spacing quality: 1) the z-spacing between grating layers and 2) the number of layers written. The output of the first order diffraction from a two dimensional grating pattern is measured by the apparatus designed in Figure 10 . The light source is aligned to the center of rotation of the rotation stage. This ensures that the light source remains on the grating patch as the stage rotates angularly. The sample is rotated in one degree increments from zero to twenty degrees in order to measure the angular sensitivity of the first diffractive order. A power meter is placed at the first diffractive order propagation location in order to measure the beam intensity. As a first order validation, a single layer is produced for the 8 µm, 10 µm, 15 µm and 20 µm layers. All four of these diffraction gratings should produce the same angular sensitivity as the settings are fixed for all four patches. As is observed in Figure 11 , all of four of these single layer diffraction gratings produced two distinct peaks. This suggests that the point by point modifications are producing densification in the x and y dimensions as anticipated. The separation between the two peaks is 6o for the 8, 10, and 20 µm z spacing sets while the two peak separation is 5
• for the 15 µm set. The discrepancy for the 15 µm set may be attributable to the course increments applied to the measurement of the angular sensitivity. The shape and peak separation are approximately equivalent, validating that the process between the groups is consistent.
As testing verified that the four sets have a consistent process, we are able to determine the effects of the z axis separation across the grating layers. Figure 12 shows a combination of grating layers increasing from two grating layers to eight grating layers. The 8 µm, and 10 µm z spacing separation output lower intensity thresholds relative to the 15 µm and 20 µm separation of grating layers. It is highly probable that the closer the grating layers are to each other, the higher the destructive interference. In addition, the volume gratings that operate with 8, 10 and 15 µm separations output similar results to a single layer even when the volume grating is increased to seven layers. This suggests that the volume gratings for 8, 10, and 15 µm separations are not in fact volume gratings but rather singular layer gratings, as the layers have combined to create a single diffraction grating layer.
There is a distinction between the 20 µm separated grating layers of the volume grating and the other separations. When the volume grating with 20 µm separation has three grating layers or fewer, it operates similar to the other gratings. With four to six grating layers in the volume grating, peaks and valleys develop, as would be anticipated by the angular selectivity of a volume grating. After seven grating layers with 20 µm separation, distinct peaks and valleys are observed with a more even spacing. The results suggest that with the currently selected parameters and optics, volume holograms are achievable with seven grating layers or more at a 20 µm separation. These results suggest diffractive behavior consistent with stratified volume holographic elements and indicate that Bragg-like diffraction is achievable with increasing number of layers and tuned inter-layer spacing. 
Two Grating Layers

FUTURE WORK
Further development is required for both the waveguide writing and volume gratings in order to achieve the goal of direct writing an acousto-optic spatial light modulator. Here we evaluate each writing process separately as they each have different development requirements.
The application of the femtosecond laser for direct writing volume gratings has shown promise. The current setup has proven that we are able to measure angular sensitivity of a volume grating for the first diffractive order. These measured results require refinement as is mentioned in the volume gratings section above. A new approach is required to produce a more accurate measurement of the angular sensitivity of the volume grating.
An additional target after improving the measurement approach is to develop a method to reduce the spacing between grating layers. With the current setup, it is possible to reduce the layers by reducing the intensity of the incoming femtosecond laser while also reducing the speed of the nano stage. Reducing the nano stage speed increases the exposure time, and reducing the intensity decreases the amount of flux per second. The reduction of intensity would reduce the axial exposure along the z axis and thus would theoretically trigger ionization longitudinally along the z axis direction in a confined space. Alternatively, a change in objective would also allow for a decrease in grating spacing. A faster objective would focus the light to a smaller spot and spread the light further axially. This increased focus would require a reduction in energy, also improving the point quality transversely.
A further step is to begin testing grating layers in non-linear optical mediums, such as lithium niobate. These experiments are performed on a linear, homogeneous, isotropic material, borosilicate, in order to reduce the variables. This allowed for a validation of volume grating creation with the application of the femtosecond laser. Ultimately, a shift to lithium niobate is required as the base substrate used for the acousto-optic modulator.
The waveguides are tested on lithium niobate, but also require further experimentation to better characterize the generated waveguides. A cross-sectional analysis of the physical waveguide is required for all of the waveguide settings. This is necessary to determine the change in refractive index of the waveguide. Once the refractive index is known, one is able to determine the properties needed for the volume grating to couple light in and out of the waveguides to the volume gratings.
Figure 13: The ultimate goal is to produce a flat-panel element-based (i.e., hogel-based) holographic display in which each element is composed of directly written waveguides, volume gratings, and metal transducers on or in an anisotropic substrate such as lithium niobate.
The ultimate goal is to produce a flat-panel holographic display. The future work is targeted towards the development of a stable process that will enable the output of several acousto-optic modules on the same waveguide to produce a series of hogels or holographic pixels. Figure 1 represents a single acousto-optic element capable of modulating only a single point to output some portion of a holographic image. Guided-mode light that is undiffracted by a surface acoustic wave continues to propagate in the waveguide and is available for diffraction for subsequent surface acoustic waves. This propagating light can be modulated by additional transducers in a cascaded diffractive fashion (see Figure 13 ). The embedded structure required to produce the flat panel holographic display is the input and output couplers combined with the waveguides. Each output coupler, i.e volume grating, requires a transducer to alter the propagating light and cause a percentage of the light to out couple. Therefore, the following steps in development of this holographic display are the addition of a direct write process for creating metal transducers coupled with the directly written waveguides and input / output couplers.
